In the present work, the effect of different acid treatment times of singlewalled carbon nanotubes (SWNTs) on the mechanical and thermal properties of polypropylene (PP)/maleated polypropylene (PP-g-MA) nanocomposites was investigated. The acid treatment process was based on a mixture of concentrated sulphuric and nitric acids. The SWNTs were treated with the acid mixture for 1, 3, and 6 h. FTIR, Raman spectroscopy and TEM revealed the values of carboxylic groups, graphitization and morphology of acid treated SWNTs, respectively. The thermal and mechanical properties and the morphology of nanocomposites were investigated by tensile tests, DMTA, DSC, and SEM.
Introduction
Recently, carbon nanotubes (CNTs) have aroused great interest in polymer and composite science because of their interesting mechanical, thermal, and electrical properties [1] [2] [3] [4] [5] [6] . There are two different types of CNTs: (I) single-walled carbon nanotubes (SWNTs) and (II) multi-walled carbon nanotubes (MWNTs). The main processes for the synthesis of CNTs are chemical vapor deposition (CVD), gas phase catalytic growth, electrolytic synthesis, laser ablation and electric arc discharge [7] . However, due to phase separation of the polymer matrix and CNTs, large surface areas and strong van der Waals interactions between CNTs, the development of polymer/CNTs nanocomposites have been hindered largely by the lack of homogenous dispersions of CNTs [8] [9] [10] . To deal with this unpleasant phenomenon, many methods of CNTs treatment have been reported. The use of acid treatment is the simplest method of purification and length shortening. These shortened CNTs (aCNTs) have been produced with carboxylic acid groups at the end and side walls of the nanotubes [11] [12] [13] [14] . Conversely, chemical treatment decreases the electrical and mechanical properties but greatly enhances the interfacial adhesion between CNTs and the polymer matrix. Mondragon et al. [15] have shown that a treatment with nitric acid or with a mixture of nitric acid and sulfuric acid (1:3 by volume), applied for various times to nanotubes under high power sonication, can be used as a control in the carboxylation process.
Polypropylene (PP) is a thermoplastic polymer that is important for engineering; it has been broadly studied from academic and industrial viewpoints because of its outstanding mechanical properties and low cost [16, 17] .
Several studies have reported attempts to enhance the interfacial adhesion between a polymer matrix which can be nylon [18] , epoxy [19] , or poly(methyl methacrylate) [20] and functionalized nanotubes. These results show that the introduction of chemical fictionalization results in a strong covalent bond between the CNTs and the polymer matrix. In addition, compounding the maleic anhydride-grafted polypropylene (PP-g-MA) compatibilizer and organoclay into the PP has become a well-known technique due to the polarity in the PP-g-MA [21] . For hydrophobic polymers like PP, grafting a highly hydrophilic component such as PP-g-MA into the matrix can be a useful approach for creating more favorable PP/a-CNTs interactions.
In this study, SWNTs were washed and filtrated in hydrochloric acid for 1 day, and subsequently sonicated in a mixture of nitric acid and sulfuric acid (1:3 by volume) for three preset times. Raman spectroscopy, FTIR, and transmission electron microscopy (TEM) were utilized for characterization.
A series of nanocomposites were prepared by melt mixing PP with acid treated SWNTs (a-SWNTs) for reinforcement, with PP-g-MA serving as a compatibilizer. The mechanical, morphological and thermal properties of the resulting nanocomposites were investigated.
Results and discussion

FTIR Spectroscopy analysis of acid treated SWNTs
The chemical structure of the groups grafted to the surface of raw SWNTs surface was investigated using FTIR spectroscopy. The acid treated SWNTs were dried for 24 h to eliminate any moisture before characterization by FTIR. Fig. 1 shows the FTIR spectra for raw and acid treated SWNTs. The peaks at 1732 cm -1 are attributed to the carboxylic C=O in the carboxylic group. Results show that the C=O band shifts to higher frequencies with increasing acid treatment time. In addition, acid treated SWNTs showed two peaks at 1200 and 1370 cm -1 due to C-O stretching [22, 23] . ; the peak intensity of the acid treated SWNTs is greater than that of the raw SWNTs [24] . These results demonstrate that the amount of carboxylic acid groups on the SWNTs is increased by increasing the acid treatment time.
Raman analysis of acid treated SWNTs
Raman spectroscopy results can characterize the graphitization of SWNTs sidewalls. Raman spectra of raw SWNTs and acid treated SWNTs display two obvious peaks as shown in Fig. 2 . . It is interesting to notice that the D-line peak position of the nanotubes increased with increasing acid treatment time. However, for all four samples, the intensity of the Gline position significantly increased with increasing acid treatment time up to 3 h, and then decreased and slightly broadened [25] . The intensity ratio of the D-line to G-line (I D /I G ) of raw SWNTs and acid treated SWNTs was recorded as a function of acid treatment time in Fig. 3 . The defect sites with sp 3 hybrids of nanotubes are related to the I D /I G ratio [26, 27] . As calculated from Raman spectra, the amount of defects and purification of acid treated SWNTs increased with increasing acid treatment time [12] .
Tab. 1. Mechanical properties of nanocomposites.
Nanocomposites
Tensile modulus (MPa)
Yield stress (MPa) Fig. 4 shows the TEM pictures of raw SWNTs and acid treated SWNTs for various acid treatment times (1, 3, and 6 h). As shown in Fig. 4a , the raw SWNTs are in the range of 1-5 nm and contain metal particles (black points) and amorphous carbon materials. With increasing acid treatment time, the metal catalyst was eliminated, the closed tube was opened and then the length of nanotubes was shortened [28] [29] [30] . In agreement with TEM investigation, EDX analysis of the acid treated samples showed a decrease in the metal catalyst (cobalt) with increasing treatment time. 
TEM Analysis of acid treated SWNTs
Tensile properties
The tensile modulus, yield strength, and elongation at the breaking point of PP/SWNTs nanocomposites with different acid treatment times of SWNTs and compatibilizer are listed in Tab. 1. It is obvious that the tensile modulus and yield strength of PP/SWNTs nanocomposites are higher than those of PP-g-MA. This decrease is due to polarity differences between PP-g-MA and SWNTs that lead to poor compatibility of the two material components [21] . Apparently, SWNTs can reinforce the matrix due to their intrinsic high mechanical properties. In particular, PP/PP-g-MA/a-SWNTs nanocomposites (0.5 an 1 wt%) demonstrate significant improvement, which is due to interfacial bonding between the PP matrix and acid treated SWNTs and good dispersion of acid treated SWNTs in the PP matrix, leading to a more effective stress transfer [31] .
It is shown that all PP/PP-g-MA/a-SWNTs (1 wt%) nanocomposites exhibit a lower tensile modulus than the other modified nanocomposites. This decrease in tensile modulus can be attributed to the low contribution of compatibilizer and a high content of defects in the acid treated SWNTs in this matrix. In comparison with the PP/PP-g-MA/a-SWNTs (0.5 wt%) nanocomposite, the tensile modulus of PP/PP-g-MA/aSWNTs (1 wt%) nanocomposite decreases from 962 MPa to 889 MPa (1h acid treatment), 1052 MPa to 900 MPa (3h acid treatment), and 955 MPa to 878 MPa (6h acid treatment). It can also be clearly seen that the tensile properties of PP/PP-g-MA/a-SWNTs nanocomposite with acid treated SWNTs in acid mixture for 6 h are lower than those of other PP/PP-g-MA/a-SWNTs nanocomposites.
These decreases are due to the high destruction of the SWNTS sidewalls and shorter SWNTs when the reaction time of the acid treatment in SWNTs increases to 6 h. Meanwhile, due to the strong interaction between PP, PP-g-MA, and acid treated SWNTs, the elongation at the breaking point of PP/PP-g MA/a-SWNTs nanocomposites was obviously better than those of the PP/PP-g-MA/SWNTs, and PP/SWNTs nanocomposites.
Dynamic mechanical properties
Dynamic mechanical thermal analysis (DMTA) for PP/PP-g-MA/a-SWNTs and PP/SWNTs nanocomposites were carried out to study the effect of SWNTs and acid treated SWNTs on the storage modulus (E′), loss tangent (tan δ), and glass transition temperature (T g ) of the nanocomposites. Fig. 5 shows the data for E′ of PP/SWNTs and PP/PP-g-MA/a-SWNTs nanocomposites as a function of temperature. These clearly show the E′ dependence of the PP/SWNTs and PP/PP-g-MA/a-SWNTs nanocomposites on the loading level and acid treatment time of nanotubes, respectively. The significant increase in E′ for the PP/SWNTs nanocomposites is ascribed to the inherent stiffness of SWNTs, consistent with previously reported tensile results. The E′ of the PP/PP-g-MA/a-SWNTs nanocomposites with acid treated SWNTs in acid mixture for 1 and 3 h prepared in this study increased with increasing acid treatment time of SWNTs, which was due to the uniform distribution and interfacial bonding between materials, as mentioned previously. Extra reaction time of SWNTs with the acid mixture treatment would begin to destroy the sidewalls of the nanotubes that this leads to decrease of E′ of the PP/PP-g-MA/A-SWNTs nanocomposite with acid treated SWNTs in acid mixture for 6 h. Glass transition temperatures (T g ) of the nanocomposites corresponded to the peak of tan δ curves. From Fig. 6a and Tab. 2, it can be seen that T g of PP/SWNTs nanocomposites decreased with increasing SWNTs content in the PP matrix. The tan δ peak for PP is measured to be 20 ˚C, while for all the PP/SWNTs nanocomposites, the peaks shift to a temperature lower than 20 ˚C. The decrease of T g values in PP/SWNTs nanocomposites cause nucleation of SWNTs in the PP matrix, which lead to faster crystallization of PP.
Faster crystallization generates an amorphous phase with upper mobility of PP chains. On other hand, the T g of PP in the PP/SWNTs nanocomposites gradually increases with the SWNTs content because the incorporation of SWNTs restricts the mobility of PP segment chains [32] . Compared with raw SWNTs, acid treated SWNTs have more of an effect on improving the glass transition temperatures of modified nanocomposites. As shown in Fig. 6b and Tab. 2, acid treatment of SWNTs for 3 h in acid mixture can increase T g by about 3 o C in comparison to raw SWNTs. This improvement is due to the reaction of the compatibilizer with the carboxylic groups immobilized onto acid treated SWNTs surfaces. 
Thermal properties
The effect of acid treated SWNTs and PP-g-MA on the crystallization of PP was analyzed using DSC heating and cooling scans. Fig. 7 shows the results of the DSC dynamic thermograms for PP/SWNTs and PP/PP-g-MA/a-SWNTs nanocomposites. Moreover, the incorporation of PP-g-MA into the PP matrix and PP/a-SWNTs reduces the degree of crystallinity. From Tab. 2, it can also be seen that the degree of crystallinity tends to decrease with increasing acid treatment time of SWNTs. It was expected that the acid treated SWNTs and PP-g-MA would act as heterogeneous nuclei during the crystallization process [36] [37] [38] [39] . Fig. 8 shows the SEM micrograph of fracture surfaces of modified and unmodified nanocomposites with 0.5 wt% SWNTs content. The region of white points represents the ends of SWNTs that expanded out of the PP matrix. One can clearly find that most of the acid treated SWNTs exhibit uniform dispersion in modified PP matrix and little aggregation of Acid treated SWNTs is observed (Fig. 8b) . After acid treatment, however, the adhesion between SWNTs and modified PP matrix were improved substantially. This can be used to explain the deterioration of toughness of the nanocomposites after acid treatment. The decrease of adhesion between SWNTs and PP matrix can release stress and absorb energy, which are beneficial to the improvement of toughness [40] . The acid treatment of SWNTs results in the good adhesion between SWNTs and modified PP matrix, consequently the deterioration of toughness occurred. 
Morphological observation of SWNTs dispersion
Conclusions
The carboxylic groups were successfully introduced onto the surface of SWNTs after treatment with an acid mixture. The modified SWNTs were characterized using FTIR, Raman spectrometry, and TEM. The results show that the modification efficiency increases with increasing acid treatment time. FTIR results showed that carboxylic groups were grafted to raw SWNTs through covalent bonds. The TEM results illustrated that the aggregation and length of SWNTs decrease with increasing acid treatment time. Data obtained from Raman spectra showed that the purification of the nanotubes improved with treatment of the SWNTs. We have shown that acid treated SWNTs provide improved reinforcement of the modified PP matrix. In a representative modified nanocomposite with 0.75 wt% acid treated SWNTs, a 90% improvement of the tensile modulus was achieved by the treatment of SWNTs in acid for 3 h, but the improvement in the tensile modulus of PP/SWNTs with 0.75 wt% raw SWNTs nanocomposite is approximately 63%. This work shows that a proper acid 
Experimental Part
Raw materials
Isotactic polypropylene homopolymer, with a melt flow index of 8 g/10 min and a PP density of 0.902 g/cm 3 , was supplied by Bandar Imam Petrochemical Co., Iran, as grade Poliran PI0800. SWNTs were obtained from the Research Institute of Petroleum Industry (RIPI), Iran. The SWNTs were prepared using a chemical vapor deposition (CVD) process using methane as a carbon source, a cobalt catalyst system, and a reaction temperature between 800 and 1000 ˚C. PP-g-MA (PB3150) from Uniroyal Chemical was used as a compatibilizer (M w = 330 kg/mol and maleic anhydride content = 0.5 wt %). Irganox 1010 supplied from Ciba was also added into PP matrix as a heat stabilizer.
Acid treatment of SWNTs
The treatment process includes four steps. In the first step, the raw SWNTs (200 g) were refluxed in 100 ml of 2.5 M hydrochloric acid for 1 day to remove amorphous carbon. In the second step, purified SWNTs were added to a 1:3 mixture of concentrated nitric acid/sulfuric acid (25 ml/75 ml). The mixture was treated in an ultrasonic bath (40 kHz) for three different time periods: 1, 3, and 6 h. In the final step, the mixture was diluted with distilled water, followed by filtration thorough a 0.45 polytetrafluoroethylene filter (PTFE, Millipore) membrane, and then rinsed with ethanol until the PH of the filtrate was about 7. The obtained filtrated sample was finally dried in a vacuum oven at 120 o C overnight, generating acid treated SWNTs.
Nanocomposite preparation
PP, PP-g-MA, and SWNTs were dried under vacuum at 80 o C for 12 h to remove any moisture before mixing with other ingredients. The PP pellets, PP-g-MA, Irganox 1010 (0.1 wt% of PP) and various amounts of raw and acid treated SWNTs were dry blended and then introduced into the mixer where mixing continued for 10 min; mixing the components was performed in an internal mixer (Haake Rheomix; HBI SYS90) with a rotor speed of 120 rpm at 180 °C. The composition of the nanocomposites is given in Tab. 3. The mixture was compression molded after mixing. Square plaques (0.5 mm thick) of the mixture were prepared in a Toyoseiki Mini Test Hydraulic Press (Japan) at 190 °C and 10 MPa for 5 min. The sheets then were quenched in an ice-water mixture.
Fourier-transform infrared spectroscopy (FTIR) analysis
FTIR spectra were recorded at room temperature in transmittance mode using a Bruker IFS66/S spectrophotometer. The samples (raw and acid treated SWNTs) were mixed with KBr and pressed into pellets for the FTIR measurements.
Raman Characterization
Raman characterization was conducted using a LabRam I spectrometer. The laser excitation wavelength was 632.8 nm (1.96 eV) with a spectral resolution of 1. 
Tensile testing
Tensile testing was performed at room temperature on a MTS model 10/M. Test specimens were dumbbell-shaped (width of narrow section 6 mm, length of narrow section 36 mm, overall length 76 mm, and gauge length of 25 mm). Tests were carried out with a cross-head speed of 50 mm/min to measure the tensile modulus, yield strength, and elongation at break of the samples at each loading level. Ten replicates of each sample were run to obtain averages and standard deviations.
Dynamic mechanical thermal analysis (DMTA) measurements
Dynamic mechanical thermal analysis (DMTA) was performed with rectangular samples (length 5.5 mm, width 5.5 0.5 mm and thickness 0.5 0.05 mm) in a single cantilever bending mode using a Tritec 2000 DMA (Triton Technology). Tests were carried out at frequency of 1 Hz and in the temperature range of -120 ˚C to 160 ˚C with a heating rate of 3 ˚C/min. The storage modulus (E′), loss modulus (E′′), and loss tangent (tan δ) were recorded as a function of temperature.
Differential scanning calorimeter (DSC) measurements
Crystallization studies were carried out using a Perkin-Elmer (Pyris I) differential scanning calorimeter (DSC), under a nitrogen atmosphere in order to avoid oxidation. Samples of about 5 ± 0.2 mg were taken from the molded sheets and encapsulated in alumina-closed pans. Tests were carried out under non-isothermal conditions by heating the sample from 50 ˚C to 210 ˚C at a rate of 10 ˚C/min. The samples were kept at 210 ˚C for 5 min to eliminate any effects of previous thermal history, then cooled to 50 ˚C at a cooling rate of 10 ˚C/min, held for 5 min at this temperature, and then heated up again to 210 ˚C at a rate of 10 ˚C/min.
Transmission electron microscopy (TEM) characterization
Transmission electron microscopy (TEM) images were obtained using a Philips CM-200 TEM microscope operating at an acceleration voltage of 120 kV to observe the nanoscale structure of SWNTs and PP/SWNTs nanocomposites. Ultrathin sections of PP/SWNTs nanocomposites for TEM analysis were prepared by mounting the specimen in araldite resin and cutting with a diamond knife (a Riechert ultramicrotome) to yield samples with a thickness of 40-80 nm. SWNTs for TEM observation were dispersed in ethanol by sonication for 1 min, and then one drop of this solution was placed on a carbon-coated copper microscope grid. The presence of catalysts and other elements derived from the acid treatment step was revealed by electron dispersion X-ray (EDX) analysis.
Scanning electron microscopy (SEM) characterization
Scanning electron microscopy (SEM) was performed using a Cambridge S360 SEM to examine the fracture surface morphology of PP/SWNTs nanocomposites. The acceleration voltage for each sample was 20 kV. The fracture surface was prepared by fracturing the nanocomposites in liquid nitrogen. All samples were sputtered with gold prior to observation.
